The selective extraction of the hydrophilic sulfate ion from water is highly challenging because the high free energy of hydration of this ion makes it more difficult to extract than less hydrophilic ions such as chloride and nitrate. Lipophilic macrocyclic squaramide receptors 1 and 2 were synthesized. Receptor 2 efficiently extracted sulfate from aqueous sodium sulfate solutions into a chloroform phase, via exchange with nitrate ions, overcoming the Hofmeister bias. The resulting 2$SO 4 2À complex was readily recycled through precipitation of BaSO 4 . Transport of sulfate across a bulk chloroform membrane by 2 was demonstrated across a wide pH range (pH 3.2-9.4) and in the presence of high concentrations of competing anions (chloride, nitrate and dihydrogenphosphate), opening the door to the use of 2 for the selective removal of sulfate from water across a range of applications.
Introduction
The development of selective receptors capable of extracting sulfate from aqueous solution is of signicant interest because of the important roles this anion plays in biological, environmental and industrial processes. 1 The removal of sulfate from aqueous solution is of particular importance in oil production and desalination processes where sulfate ions contribute to the formation of scale that clogs pipes and fouls membranes. [2] [3] [4] It is also of relevance in the nuclear industry where sulfate interferes with the vitrication process required for safe long-term storage of nuclear waste, primarily as a result of the low solubility of sulfate in borosilicate glass. [5] [6] [7] Precipitation of BaSO 4 is frequently used to remove sulfate from solution, but this approach is problematic in removing sulfate from nuclear waste as a result of the co-precipitation of radioactive 228 Ra/ 226 Ra and 90 Sr ions forming Ba(Ra)SO 4 and Ra(Sr)SO 4 . [8] [9] [10] Therefore, it has been proposed that the selective extraction of sulfate from nitrate rich solutions by liquid-liquid extraction (LLE) using synthetic receptors could have signicant benets for nuclear waste remediation. 11 Despite the need to selectively extract sulfate from aqueous media, several key challenges have hindered the development of selective sulfate extraction agents. Sulfate has a very high hydration energy (DG hyd ¼ À1080 kJ mol À1 ), 12 which poses a dual challenge for selective extraction of this anion from aqueous solution. Firstly, to extract sulfate from an aqueous phase into an organic phase, a receptor needs to bind sulfate with high affinity to compensate for the large dehydration energy. Secondly, if other anions such as nitrate, are present in high concentrations and are less strongly hydrated (DG hyd ¼ À306 kJ mol À1 ) 12 than sulfate, these are easier to extract from aqueous solution than sulfate (commonly referred to as Hofmeister bias) reducing sulfate extraction efficiency. To overcome this bias and allow sulfate extraction in the presence of less hydrophilic anions, receptors must have excellent selectivity for sulfate. A further important challenge lies in the release of sulfate following extraction to allow facile recycling of the receptors and enable commercially viable industrial processes. 11 While a number of receptors for selective sulfate recognition have recently been reported, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] there are relatively few examples of suitable receptors that overcome the Hofmeister bias to allow LLE of sulfate. [26] [27] [28] [29] [30] [31] [32] [33] Sessler and co-workers have successfully employed calix[n]pyrroles to extract sulfate into organic media in the presence of methyltrialkylammonium ions. [26] [27] [28] Wu and co-workers have demonstrated that a tripodal hexaurea receptor is capable of extraction of sulfate ions into chloroform solution in the presence of TBACl and that the sulfate can be back-extracted with aqueous barium chloride to regenerate the receptor as a chloride complex. 30 Moyer and coworkers have demonstrated that a simple diiminoguanidinium extractant demonstrates very high sulfate selectivity and compatibility with aliphatic solvents commonly used in LLE processes. 31 More recently, Romanski and coworkers have demonstrated that a ditopic receptor extracts potassium sulfate from aqueous solution. 33 In related work, the transport of sulfate across a bilayer membrane has been shown to be facilitated by tripodal thioureas. 17 However, receptors that can transport sulfate across a bulk liquid membrane to facilitate receptor recycling for realworld applications of sulfate extraction remain unexplored.
We have recently reported the use of macrocyclic squaramides as highly selective sulfate receptors with strong affinity for this anion in aqueous mixtures 34 and reasoned that these macrocycles could be readily modied with aliphatic chains to solubilize them in organic solvents without altering their sulfate binding affinity, thereby enabling efficient and selective LLE of sulfate ions and their transport across a bulk liquid membrane. We now demonstrate that suitably functionalized macrocyclic squaramides are able to extract sulfate from aqueous solutions of sodium sulfate across a wide pH range (pH 3.2-9) and are capable of sulfate-nitrate exchange, overcoming the Hofmeister bias. We also show for the rst time that dynamic sulfate transport can be achieved across a bulk liquid membrane in the presence of competing anions, demonstrating efficient receptor recyclability.
Results and discussion
The structures of macrocyclic squaramides (MSQs) 1 and 2 are based on our previously reported sulfate selective receptor 3 (Chart 1). In concurrent work, 35 we have demonstrated that replacing the benzene spacers in 3 with pyridines provides increased sulfate binding affinity, particularly at low pH where protonation of the pyridine units can occur, without reducing the selectivity that these macrocycles display for sulfate. We therefore chose to use isonicotinamide derived macrocycles in this work. We reasoned that it should be possible to functionalize this macrocyclic core with aliphatic chains to solubilize the macrocycle in organic solvents without impacting the demonstrated high sulfate binding affinity and selectivity of the macrocyclic core.
Synthesis
The synthesis of macrocycles 1 and 2 followed similar procedures to those described previously for the synthesis of MSQs (Scheme 1). 34 Briey, basic hydrolysis of methyl 2,6-bis(azido) isonicotinate 36, 37 was followed immediately by reaction of the resulting carboxylic acid with either dioctylamine or dioctadecylamine in the presence of carbodiimide (CDI) to give diazides 4 and 5, respectively. Staudinger reduction of 4 and 5 to form the corresponding diamines 6 and 7 was followed by reaction with two equivalents of diethyl squarate to give disquarates 8 and 9, respectively. Following mono-Boc protection of diamines 6 and 7, the so-formed amines 10 and 11 were immediately reacted with 0.5 equivalents of diethyl squarate in ethanol to give the diisonicotinamide squaramides 12 and 13. Deprotection of compound 12 upon treatment with triuoroacetic acid and subsequent reaction of diamine 14 with the corresponding disquarate 8 in ethanol provided the desired [3] MSQ 1 in 56% yield over the two steps. In contrast, attempts to condense diamine 15 with disquarate 9 under the same conditions were unsuccessful. However, in a mixed solvent system of EtOH/toluene/hexane (10 : 45 : 45 v/v/v) to ensure the solubility of all starting materials and reduce the aggregation of the long alkyl chains, 38,39 9 and 15 were successfully condensed in the presence of one equivalent of TBAH 2 PO 4 to form [3] MSQ 2 in 58% yield. We found that dihydrogen phosphate was crucial for the formation of [3]MSQ 2; the addition of a range of other anions (Cl À , ClO 4 À , I À , BF 4 À , SO 4 2À ) did not lead to isolation of the desired product. In the absence of an anion or in the presence of anions such as ClO 4 À , I À , BF 4 À that are known to only weakly coordinate to squaramides, 30, 40, 41 no reaction occurred. In the presence of Cl À and SO 4
2À
, which bind to squaramides with relatively high affinities, mixtures of products were observed but all attempts to isolate desired macrocycle 2 (or other discrete species) from these reactions failed. We hypothesize that Cl À and SO 4 2À may bind strongly to the reactants in the non-polar conditions used, [40] [41] [42] [43] [44] locking them into conformations that do not favour cyclisation, thus promoting the formation of linear oligomers, whereas the weaker binding to H 2 PO 4 À allows interconversion of conformers to allow cyclisation to progress.
Sulfate extraction
We rst established that appending alkyl chains to the MSQs did not impact their previously observed ability to bind with high affinity to sulfate ions. 34 In water-saturated CDCl 3 , the signal attributable to the squaramide NH protons of MSQ 2 is too broad to observe and the signal for the benzylic protons occurs as a broad multiplet indicating the presence of multiple slowly interconverting conformers of the macrocycle. 34 under these conditions. The ability of 1 and 2 to extract sulfate from aqueous solution using liquid-liquid extraction was next investigated by vigorously shaking an aqueous solution of TBA 2 SO 4 (see ESI † for details) with a CDCl 3 solution of either 1 or 2 [45 mM] for 1 minute. The two layers were immediately separated and the organic phase analysed by 1 H NMR. For MSQ 1, 1 H NMR spectroscopy indicated that none of the MSQ remained in the organic phase. However, a precipitate formed in the aqueous layer and aer ltration and redissolution in CDCl 3 , analysis of the precipitate by 1 H NMR (Fig. S28 †) indicated the presence of TBA + and 1$SO 4 in a 2 : 1 ratio, as established through integration of the macrocycle and TBA + signals, together with the chemical shi of the squaramide NH protons matching that observed in the titration experiments above. This indicates the formation of a TBA 2 [1$SO 4 ] complex, conrming the 1 : 1 complexation stoichiometry and suggesting that, while 1 is capable of binding to SO 4 2À at an aqueous-organic interface, the resulting complex is not sufficiently soluble in CDCl 3 to extract the SO 4 2À into the organic phase. 29 In contrast, with the more lipophilic MSQ 2, analysis of the CDCl 3 phase aer liquidliquid extraction indicated that one equiv. of TBA 2 SO 4 was extracted into the organic phase, as determined by comparison of the integrations of the signals attributable to the macrocycle and tetrabutylammonium counterion which gave a ratio of 2 TBA + ions per macrocycle ( Fig. S30 and S31 †) . Notably, 2 was capable of efficient sulfate extraction, even at substoichiometric sulfate concentrations (Fig. S31 †) . However, the lipophilic tetrabutylammonium counter ions were required for efficient extraction to take place, as attempts to extract Na 2 SO 4 under the same conditions were unsuccessful. We next evaluated the ability of MSQ 2 to extract sulfate in the presence of nitrate ions using an anion metathesis approach in which aqueous solutions of Na 2 SO 4 at either pH 3.2 or pH 7.4 were layered onto a solution of [3]MSQ 2 and 2.0 eq. TBANO 3 in CDCl 3 (pH of the aqueous phase was adjusted using conc. HNO 3 ). The two layers were vigorously shaken for 1 minute, then separated and the organic phases were analyzed using 1 H NMR (Fig. 1) . The 1 H NMR signals corresponding to the 2$NO 3 À and 2$SO 4 2À complexes are clearly differentiated by the chemical shi of the NH signals and appeared independently in 1 : 10 and 3 : 10 ratios of 2$SO 4 2À : 2$NO 3 À at pH 7.4 and pH 3.2, respectively. This indicates that there is slow exchange between the 2$NO 3 À and 2$SO 4 2À complexes under these conditions. We speculate that the relative higher proportion of 2$SO 4 2À formed under acidic conditions is due to the partial protonation of the pyridine units in the macrocycle at pH 3.2 as the pK a of isonicotinamide is 3.3, 45 which results in increased sulfate binding affinity. 34 The 2$SO 4 2À complex in CDCl 3 was readily recycled to the nitrate complex upon washing with an aqueous solution of Ba(NO 3 ) 2 (Fig. 2d ) as a result of the formation of a BaSO 4 precipitate (K sp ¼ 1.1 Â 10 À10 , 25 C). 46 These experiments demonstrate that MSQ 2 is capable of sulfate-nitrate exchange processes at an aqueous-organic interface, indicating that the excellent selectivity demonstrated by MSQ 2 for SO 4 2À overcomes the Hofmeister bias and eliminates the need for lipophilic counter ions in the aqueous phase.
Sulfate transport across a bulk liquid membrane
We next investigated the ability of 2 to transport sulfate across a bulk chloroform membrane using classic Cram U-tube experiments (Fig. 2) , 5,47-49 as proof of principle that the receptor is capable of the dynamic removal of sulfate from aqueous solution through an anion exchange mechanism. In initial experiments the aqueous source and receiving phases were buffered to pH 7.4 (20 mM Tris) with the source phase also containing 500 mM Na 2 SO 4 and the bulk chloroform phase containing 10 mM 2. Sulfate concentrations in both the source and receiving phases were detected using a modied BaSO 4 gravimetric analysis method 50, 51 in which the non-precipitated Ba 2+ concentration was measured using inductively coupled plasma mass spectrometry (ICP-MS) aer the formation of a BaSO 4 precipitate. The nal sulfate concentrations in each experiment were also determined by ICP-MS by measuring the concentration of sulde (Table S2 †) . 52, 53 In the absence of any ion source in the organic phase, no transport was observed aer 21 days ( Fig. 3 and Table S2 †), indicating that MSQ 2 is not capable of transporting Na 2 SO 4 across a bulk liquid membrane. However, upon the addition of ve equivalents, relative to the receptor, of TBANO 3 (tetraalkylammonium ions have previously been shown to facilitate sulfate extraction through formation of ion pair complexes 27 ) to the chloroform phase, a sulfate concentration of 15 mM (all data listed in Table S2 †) was detected in the receiving phase aer 21 days. No sulfate was detected in the receiving phase in the absence of receptor 2.
These results indicate that 2 is capable of efficiently transporting the highly hydrophilic sulfate ion across a bulk liquid membrane with subsequent release into an aqueous phase via an anion exchange mechanism.
In subsequent experiments, BaCl 2 was added to the receiving phase. We anticipated this would facilitate sulfate release though precipitation of BaSO 4 , thereby removing sulfate from the receiving phase and increasing transport rates through Le Chatelier's principle. This resulted in a >2-fold increase in the amount of sulfate transported over the same time period. No change in transport rate was observed upon lowering the pH to 3.2, whereas increasing the pH to 9.4 resulted in a modest reduction in sulfate transport. This may be due to the reduced binding affinity of the isonicotinamide MSQ core at basic pH 35 or alternatively might be a result of increased competition from carbonate ions at this higher pH. There was no detectable change in the concentration of sodium ions in the source or receiving phases in any of the transport experiments conrming that, under these conditions, transport occurs via an anion metathesis process. Finally, we evaluated sulfate transport with a mixture of anions in the source phase that mimics that in nuclear waste (100 mM Na 2 SO 4 , 100 mM Na 2 HPO 4 , 500 mM NaNO 3 , 500 mM NaCl, pH 7.4). Under these highly competitive conditions, 2 still exhibited sulfate transport, although the rate was diminished, reecting the ability of 2 to bind strongly to other anions in chloroform (Table S5 † ). While we have previously established that water-soluble analogues of 2 and related macrocycles bind sulfate with higher affinity than other anions in polar solvents (such as 1 : 34, 35 in relatively non-polar solvents such as chloroform, 2 binds to nitrate, chloride and sulfate with K a > 10 4 for all three ions. Since both transport and extraction experiments require binding to occur at the interface between the water and chloroform phases, our hypothesis is that the demonstrated higher affinity of the macrocyclic core of 2 for sulfate over other anions in aqueous media results in preferential binding of sulfate by 2 at the aqueous interface, leading to the observed extraction and transport behaviour.
Experimental

Synthesis of macrocycle 1
Compound 12 (76 mg, 0.07 mmol) was dissolved in a solution of TFA/CH 2 Cl 2 (1 : 1 v/v, 3 mL) before the reaction mixture was stirred at room temperature for 2 hours and then concentrated under reduced pressure. The resulting oil was dissolved in EtOH (3 mL) then a solution of 8 (46 mg, 0.07 mmol) and Et 3 N (0.5 mL) in EtOH (50 mL) was added and the resulting mixture was stirred at room temperature for 48 h. The solvent was then removed under reduced pressure to give a yellow oil. Subjection of this material to ash silica gel chromatography ( 
Synthesis of macrocycle 2
Compound 13 (53 mg, 0.032 mmol) was dissolved in a solution of TFA/CH 2 Cl 2 (1 : 1 v/v, 3 mL) and the reaction mixture was stirred at room temperature for 2 hours, then concentrated under reduced pressure. The solid was washed with 5% NaHCO 3 solution (5 mL) then dried under stream of N 2 (g). The resulting solid was dissolved in 20 mL toluene and then added to a solution of 9 (30 mg, 0.032 mmol) and TBAH 2 13 
Conclusions
In summary, we have shown that the neutral MSQ 2 can efficiently extract SO 4 2À from an aqueous Na 2 SO 4 solution into organic solution, via an anion exchange mechanism with nitrate ions, overcoming the Hofmeister bias. This is attributed to the high binding affinity of 2 for sulfate ions. We have further successfully demonstrated that, assisted by a lipophilic cation, MSQ 2 can transport the highly hydrophilic sulfate ion across a bulk chloroform layer via an anion exchange mechanism with nitrate, allowing the extraction of sulfate from sodium sulfate solutions. Notably, receptor 2 is able to transport sulfate across a bulk chloroform membrane even when a complex mixture of anions is present and across a wide pH range (pH 3.2-9.4). Release of the sulfate from the receptor into the receiving phase is facilitated through precipitation of BaSO 4 thereby increasing the rate of sulfate transport. These results provide proof-ofprinciple that neutral receptors for the sulfate ion can be employed in the selective removal of sulfate from aqueous solution in a recyclable manner, overcoming one of the key limitations for the use of such receptors in real-world applications such as the removal of sulfate from nuclear waste.
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